Abstract. Net ecosystem exchange (NEE) of CO2 was measured in four peatlands along plant community, hydrologic, and water chemistry gradients from bog to rich fen in a diverse peatland complex near Thompson, Manitoba, as part of the Boreal Ecosystem-Atmosphere Study (BOREAS). A simple model for estimating growing season net ecosystem productivity (NEP) using continuous measurements of photosynthetically active radiation (PAR), and peat temperature was constructed with weekly chamber measurements of NEE from May to October 1996. The model explained 79-83% of the variation in NEE across the four sites. Model estimation and parameter uncertainty calculations were performed using nonlinear regression analyses with a maximum likelihood objective function. The model underestimated maximum NEE and respiration during the midseason when the standard errors for each parameter were greatest. On a daily basis, uncertainty in the midday NEE simulation was higher than at night. Although the magnitude of both photosynthesis and respiration rates followed the trophic gradient bog less than poor fen less than intermediate fen less than rich fen, NEP did not follow the same pattern. NEP in the bog and rich fen was close to zero, while the poor and intermediate fens had higher NEP due to a greater imbalance between uptake and release of CO2. Although all sites had a positive growing season NEP, upper and lower 95% confidence limits showed that the bog and rich fen were either a source or sink of CO2 to the atmosphere, while the sedge-dominated poor and intermediate fens were accumulating approximately 20-100 g CO2 C m '• over the 5 month period in 1996. Peatland ecosystems may switch from a net sink to a source of carbon on short timescales with small changes in soil temperature or water table position. Since the difference between production and decomposition is small, it is important to understand and quantify the magnitude of uncertainty in these measurements in order to predict the effect of climatic change on peatland carbon exchange.
Introduction
Peatlands are important ecosystems in the global carbon cycle because they store approximately one third (455 Pg (=10•5g)) of the total terrestrial pool of soil carbon. Although they have been accumulating 20-40 g C m '2 annually over the last 5000-10,000 years since deglaciation [Gorham, 1991; Tolonen and Turunen, 1996; Harden et al., 1992] , they have the potential to become net sources of C to the atmosphere under a warmer and drier climate.
Other studies have shown that northern ecosystems can switch from a net sink to a source of CO2 on short timescales (months to years) with small changes in either soil temperature or water Since the difference between production and decomposition is small, it is important to understand and quantify the magnitude of uncertainty in these measurements.
As part of the Boreal Ecosystem-Atmosphere Study (BOREAS), Bubier et al. [1998] measured seasonal pattems and controls on net ecosystem exchange (NEE) in a diverse peatland complex near Thompson, Manitoba. To further our understanding of CO: exchange in peatland environments, the purposes of this study were (1) to develop a simple statistical model for determining net ecosystem productivity (NEP) using a few parameters that have a physiological basis and can be measured continuously, such as temperature, water table position, and photosynthetically active radiation (PAR); (2) determine the uncertainty in the NEE and NEP The underlying substrates supporting the wetlands are Glacial Lake Agassiz sediments overlying the regional bedrock of Canadian Shield Precambrian gneissic granite. Soils are derived predominantly from Glacial Lake Agassiz sediments and consist mostly of clays and organics. Wetlands are common in the region because of poor drainage across the flat terrain. The wetlands include a wide range of types found in northern peatlands from rich fen to bog [Zoltai, 1988] . Plant associations in rich fens are diverse, dominated by brown mosses (e.g., Drepanocladus spp., Scorpidiurn spp.) and deciduous shrubs (e.g., Salix spp., Betula spp.) Sedges (particularly Carex spp.) are common in poor and intermediate fens with water tables close to the surface. Permafrost underlies many of the peatlands; frozen palsas and peat plateaus are dry and wooded with upland plant communities such as black spruce (Picea rnariana), feathermosses (e.g., Pleuroziurn schreberi), and ericaceous shrubs (e.g., Ledurn groenlandicurn). Areas of permafrost degradation are found interspersed in the frozen features. These collapse scars can become bogs (species-poor, Sphagnurn-dominated communities) if they collapse completely internal to a peat plateau and remain isolated from groundwater. Collapse scars may develop into fens if they occur on the edge of peat plateau, which allows groundwater to intrude [Vitt et al., 1994; Zoltai, 1993] .
Four sites were chosen within the larger peatland complex: rich fen, intermediate fen, poor fen, and bog. Within each site, six collars were placed along moisture, thermal, plant community and chemical gradients to capture the full range of environmental conditions. The rich fen (pH 6.7-7.2) had the largest range of plant communities from the drier shrub-dominated Larix laricina and Salix pedicillaris communities underlain by Sphagnurn warnstorfii to the wetter sites dominated by Betula purnila, Menyanthes trifoliata, and brown mosses (e.g., Scorpidiurn scorpioides and Lirnprichtia revolvens). The poor fen (pH 4.3-4.7), a collapse scar adjacent to a peat plateau, was dominated by the sedges Carex aquatilis and C. lirnosa, while Sphagnurn ripariurn comprised the moss layer. The intermediate fen (pH 5.8-6.2) was a sedge-rich (Carex rostrata) community, with Sphagnum riparium and Warnstorfia exannulata in the moss layer. Finally, the bog site (pH 3.9-4.2), a collapse scar completely enclosed by frozen peat plateau, had the lowest species diversity (14 species compared with 57 in the rich fen). This site was dominated by ericaceous shrubs (Charnaedaphne calyculata, Vacciniurn oxycoccus) and Sphagnurn mosses (e.g., Sphagnurn fuscurn and S. angustifolium}, See Bubier et al. [1995, appendix, 1998 ] for more detailed study site descriptions and plant species lists, Glaser et al. [1990] for general relationships between plant communities and hydrochemical gradients in peatlands, and Halsey et al. [ 1997] for distribution of peatland types in Manitoba.
Materials and Methods

CO2 Measurements
Net ecosystem CO2 exchange (NEE), photosynthetically active radiation (PAR), relative humidity (RH), and chamber temperature were measured with a LI-COR 6200 portable photosynthesis system, which includes a LI-6250 infrared gas analyzer, thermistor, hygrometer, quantum sensor, and data logger. 
Data Analyses
A simple model, using hourly rates of photosynthetically active radiation (PAR) and temperature at 5 cm peat depth, was developed to calculate hourly rates of photosynthesis and respiration and to interpolate between the weekly measurements of CO2 exchange throughout the entire growing season. We chose a simple model with a minimum number of parameters but one with a physiological basis. Net ecosystem exchange (NEE) of CO2 is the instantaneous difference between gross photosynthesis (PSN) and respiration ( ]. We adopted the sign convention of CO2 uptake by the ecosystem as positive and CO2 emission from respiration as negative. The dark chambers measured ecosystem respiration (total effiux of CO2 due to the combined metabolic activities of enclosed plants, roots, and soil microbes). Since light and dark measurements were made within a few minutes of each other, the difference between NEE at full or fractional light and NEE with a dark chamber (respiration) was considered to represent the gross photosynthesis at that light level for the vegetation within the chamber.
Model estimation and parameter uncertainty calculations were performed using nonlinear regression analyses [Bates and Watts, 1988 ] with a maximum likelihood objective function. Uncertainty in the modeled hourly NEE was determined using the Delta method [Arnold, 1990] , which is based on a first-order Taylor series approximation of the response function NEE -h (GPmax, a, s). For three parameters GPmax, a, and s in equation (1) where cov(GPmax, a) is the usual covariance, which is calculated as (correlation of GPma • and a)(SE GPmax)(SE a). See Table 1 
Results
Parameter Estimates
The relationship between NEE and PAR varied among the four sites with maximum photosynthetic capacity following the ecological gradient of bog to rich fen. Parameter estimates for GPma• in Table 1 (Figure 4a ) the spring period of measured carbon uptake matches the model simulation more closely than at the intermediate fen (Figures 3b and 4b) , but the midsummer simulation underestimates both maximum photosynthesis and respiration. The observed decline in CO2 uptake and release in the fall matches the simulated CO2 exchange very well at both the bog and the Analyses of model residuals showed that temporal and spatial autocorrelation did not affect uncertainty estimates significantly. Temporal autocorrelation at the daily scale tends to be present due primarily to imperfect model fits and not because of any particular temporal autocorrelation structure. Since the sampling intervals were irregular, we could not incorporate temporal autocorrelation or other processes impacting NEE at the daily scale in the model. However, uncertainties in the annual NEP would have been reduced further if we were able to include this source of variation in the model. Analyses of spatial autocorrelation showed that there is a slight effect of individual chambers on site variability. However, these effects account for less than 5% of the residual variation.
Net Ecosystem Productivity
The sum of the hourly NEE values from May to October is the net ecosystem productivity for the growing season (Figure 6 ). Uncertainty in NEP is calculated from equation ( 
Model Results and Uncertainty
The simple model using PAR and peat temperature explains 79-83% of the variance in NEE over the growing season for a wide ecological range of peatlands. This provides a useful tool for predicting changes in peatland NEP with a few easily measurable environmental variables. The uncertainty estimates are extremely important because they will contribute to more reliable predictions of the present and future carbon balances in peatlands.
The greatest discrepancy between the measured chamber NEE data and the simulated NEE interpolation occurs in the midseason. The model underestimates maximum photosynthesis at full light and maximum respiration (Figure 4) . Because we are fitting to all the data simultaneously instead of breaking the data into PSN and RSP components, the curves will necessarily pass through the middle of the points and will underestimate the highest and lowest values. The largest uncertainty (standard errors) in the model also occur at high levels of PAR and maximum temperatures ( Figure  5b ). Because the temperature -respiration relationship is a loglinear one, the greatest variation occurs at high temperatures during the day. At night, when PAR = 0, temperature is the only contributing variable, which reduces total uncertainty. Also, the standard errors in GPm•, midseason may be due to the variation in photosynthetic capacity of different plant species within each site. This is especially true of the rich fen, which has the greatest diversity of plant communities.
The model also overestimates NEE in the spring at the intermediate fen (Figure 4b One of the most important findings of this study is that NEP does not follow the trophic gradient even though photosynthetic capacity and respiration follow the sequence bog less than poor fen less than intermediate fen less than rich fen ]. The relative difference between photosynthesis and respiration determines NEP, not the absolute rates of uptake or release of CO:. This has several important implications. First, one cannot determine NEP only by photosynthetic capacity or richness gradients. Frolking et al. [1998] showed that peatlands have significantly lower photosynthetic capacity than upland ecosystems, yet they store significantly more carbon. Second, certain plant communities (such as sedge-dominated peatlands) may have unique characteristics, such as greater below/aboveground plant production ratios, which may be more important for determining NEP than maximum rates of ecosystem production. Measurements of NEE in 1994 at the same ecosystems showed the same pattern as the 1996 results, with the bog and rich fen having the lowest NEP rates, compared with the poor and intermediate fens [Bellisario et al., 1998 ]. In that study, aboveground sedge biomass was correlated with NEP, suggesting that Carex species are highly productive vascular plants [e.g., Thormann 
